). By E12, when some important cytoplasmic motifs found in other Robo commissural axons are reaching the floor plate and a family members (see also Figure 1A ). We found that few pioneers have started to cross ( Figure 1C ), Rig-1 Rig-1 is specifically expressed by commissural axons expression is upregulated specifically in commissural and we therefore hypothesized that Rig-1 might play a neurons in the dorsal spinal cord as well as V3 interneurole in regulating Slit sensitivity. Unexpectedly for a rons located on either side of the floor plate (which Robo family member, however, Rig-1 is highly exalso project across the midline) ( Figure 1F ). Rig-1 mRNA pressed before midline crossing and downregulated expression in commissural neurons persists through after crossing. Loss-of-function studies show that Rig-1 E13 ( Figure 1G) , a time at which many commissural is required to allow commissural axons to enter the floor axons have crossed to the contralateral side ( Figure 1D Figure 1K-1M ). cell overlay binding assay. As previously described, a
We next examined the expression of Rig-1 protein C-terminally myc-tagged human Slit2 protein (hSlit2) on commissural axons, using an antibody generated binds specifically to rRobo1 but not to DCC (Brose et against its ectodomain . Unlike other al., 1999). Cells expressing mRig-1 also show significant Robo family proteins, we found that Rig-1 is highly exbinding of hSlit2 (Supplemental Figure S1 available at pressed on the precrossing portion of the axons, as http://www.cell.com/cgi/content/full/117/2/157/DC1); visualized by immunohistochemistry on transverse secthus, the homology of the ectodomain of Rig-1 with tions of E11.5 mouse spinal cord ( Figure 2B ) (correthose of other Slit binding Robo family members is responding developmentally to E13 in rat). After midline flected in an ability to bind Slit proteins.
crossing, Rig-1 initially continues to be expressed by To determine whether Rig-1 might contribute to comcommissural axons but then gets downregulated (Figure missural axon guidance, we first examined the expres-2B, arrowhead). The expression of Rig-1 is similar to sion of Rig-1 mRNA in the developing rat spinal cord at that of TAG-1, a cell surface protein also expressed on commissural axons that gets rapidly downregulated embryonic stages E11-13, the time when commissural after midline crossing (Dodd et al., 1988). Rig-1 expression appears to persist longer than that of TAG-1 after midline crossing (at least as assessed with these particular antibodies) (Figures 2A and 2B ), but it is eventually lost, as assessed by labeling adjacent sections with a GFP marker driven from the Rig-1 locus ( Figure 2C ) that labels the entire length of commissural axons (see Figure  3C below).
Generation of Rig-1 Mutant Mice
The expression of Rig-1 before crossing and its downregulation after crossing were surprising, since Rig-1 is related to Robo proteins whose expression pattern shows the opposite regulation ( ES cell colonies containing homologous integrants were isolated (Supplemental Figure S2B available on Cell website). These clones were used to generate chimeric male mice that were then mated to CD-1 or C57Bl6 females to generate germline transmissible Rig-1-deficient mice on either a CD-1/129Sv or a C57Bl6/129Sv genetic background. Resulting heterozygotes were crossed to generate homozygous deficient mice. Since initial experiments showed no difference in the phenotype between the two different backgrounds, most re- 
;

Robo2
Ϫ/Ϫ double mutants ( Figures 5K and 5L ). This is presumably related to the fact that Rig-1 expressing neurons in the spinal cord primarily express Robo1, not Robo2 (Figure 1 ). per se is not sufficient to allow Rig-1 mutant commisFurthermore, whereas in both Netrin-1 and Dcc mutants sural axons to cross the floor plate, and that instead it a few commissural axons are observed crossing to the is Slit repulsion specifically that must be lessened for contralateral side through the floor plate, no axon was the rescue of midline crossing. This conclusion is further ever observed in the floor plate of Rig-1 mutant spinal supported by the observation that commissural axons cords at any of the ages analyzed (Figure 3 and data from Rig-1 mutant animals become prematurely responnot shown). These phenotypic distinctions suggest that sive in vitro to Slit2N but not to Sema3F, a Neuropilin-2 Rig-1 is unlikely to be involved in sensing the attractant ligand. Netrin-1, an interpretation further supported by our in Thus, taken together, both our in vitro and in vivo vitro experiments that show normal outgrowth in reresults support a model in which Rig-1 mutant commissponse to Netrin-1 of commissural axons from Rig-1 Ϫ/Ϫ sural axons fail to cross the midline in vivo specifically dorsal spinal cord explants (Figures 4F and 4I) . because they are prematurely responsive to Slit repellents (Model 2 in Figure 4 ). It should be noted, however, Rig-1 Inhibits the Responsiveness of Commissural that it remains formally possible that in addition to this Axons to Slit Repellents inhibitory role, Rig-1 may also recognize an attractant Thus, rather than being involved in commissural axon in the floor plate that, unlike Netrin-1, is not responsible guidance to the midline, Rig-1 instead appears to be for drawing commissural axons ventrally but is important required specifically for midline crossing. Our results for crossing the floor plate (Model 1 in Figure 4) . This strongly support a role for Rig-1 in preventing commisissue may only be resolved if a putative attractive funcsural axons from becoming prematurely responsive to tion of Rig-1 can be separated from its role in preventing Slit repellents. In vitro, we found that commissural axons repulsion, for example through structure-function studfrom Rig-1 mutant dorsal spinal cord explants are reies. It should be stressed, however, that this remains pelled by COS cells secreting Slit2N, to which their wildonly a formal possibility, and that an inhibitory effect of type counterparts are insensitive. This premature Slit Rig-1 on Slit responsiveness by commissural axons is sensitivity provides an explanation for the observation sufficient by itself to explain all of the observed Rig-1 that Rig-1 mutant commissural axons fail to grow out mutant phenotypes as well as our in vitro results.
Robo1 and 2 Proteins Are Localized Primarily to the Longitudinal Portion of Axons in Both
To confirm the role of Rig-1 as an inhibitor of the Slit of dorsal spinal cord explants in response to floor plate response, we assessed the effect of removing the recepaxonal membrane as commissural axons approach the midline causing commissural axons to become sensitive tors for Slit on the Rig-1 mutant phenotype. Interestingly, to Slit prior to crossing. In mouse, as in Drosophila, whereas removal of Robo1 leads to rescue of commisRobo1 and Robo2 are primarily localized to the postsural axon crossing in the Rig-1 Ϫ/Ϫ background, removal crossing portion of the axon (Figures 6B and 6C ). Howof Robo2 has no effect on the Rig-1 Ϫ/Ϫ phenotype (Figever, into the dorsal region. DiI was allowed to diffuse for two days to label commissural axons along their entire length, enabling their tion of mice was carried out as previously described (Mombaerts et al., 1996) . For genotyping, a PCR-based screen was developed:
visualization by conventional fluorescence microscopy. wild-type allele-forward primer 5Ј-TACCAGCTACTTCCAGAGAG-3Ј; reverse primer 5Ј-CCAACATCGAGTGGTACAAG-3Ј; mutant allele Quantification forward-primer 5Ј-GATCTCTCGTGGGATCATTG-3Ј; reverse primer Unless otherwise state, a minimum of three embryos were observed 5Ј-TACCAGCTACTTCCAGAGAG-3Ј. PCR was carried out using the for every genotype described and a minimum of five sections per same protocol previously described (Plump et al., 2002) .
embryo.
